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Introduction
Gels formed using low molecular weight gels (LMWG) differ from those formed using polymer matrices. For example, since the molecules in LMWG are held together by non-covalent interactions, rapid and easy gel-to-sol transitions are common, allowing triggered systems. Also, commonly only very low concentrations of the gelator are required (typically less than 1 wt%). [1] [2] [3] The number of applications for low molecular weight gels 1 is increasing all the time. There are many examples of industrial use, for example in lubricants and glues. 4 More recently, there has been growing interest in these materials, for example as scaffolds for regenerative medicine, 5, 6 drug delivery, 7 or for optoelectronic applications. 8, 9 For all these areas, a key need is to be able to control the mechanical properties of the gels. In general, a LMWG is described as being able to form a gel in a specific solvent, or solvents. If rheological data are provided, this tends to be for a specific set of conditions. However, it is becoming increasingly clear that how one prepares the gel is critical in determining the mechanical properties. 10, 11 We recently reviewed a small number of examples where it is clear that gels with a range of properties can be prepared from a single LMWG, as long as one is able or willing to adjust the process by which the gelation is carried out.
11
Designing LMWG from first principles is often difficult. Computational design or prediction approaches are becoming more common, [12] [13] [14] but generally new LMWG are found by iterating around a known chemical structure, or by chance. 2 Hence, if a particular set of properties is required, there are two options. First, one could synthesise a wide range of potential chemical structures, hoping to find one that gave a gel with the desired properties, or one could take a known LMWG and vary the gelling conditions. The latter approach seems perhaps more effective, especially considering the paucity of design rules. However, it is clear that gels with different properties can be formed from a single LMWG varying the process of gelation, 11 little has been reported showing clearly how this can be done. One rare example is for peptide amphiphiles, where it has been shown that different types of network can be formed from a single peptide amphiphile if it is gelled by the addition of a salt or by the addition of acid. 15 The gel properties arise from the formation of a three-dimensional network by the self-assembly of the LMWG. 1, 3 It is clear that the LMWG assemble into fibres or other one dimensional structures, that then entangle or branch to provide cross-links. It is not known how to control the assembly in general. There are further complications from lateral assembly for example, which make the network difficult to describe simply.
Here, we take a single LMWG that can be used to form hydrogels in three different ways. For this gelator, gels cannot be formed by a simple heating and cooling cycle. However, the LMWG, a functionalised dipeptide 16 2NapFF (Scheme 1), can be used to form gels at a concentration of 1.0 wt% and lower by (i) dissolution at high pH followed by addition of a divalent salt such as calcium; (ii) dissolution at high pH, followed by a reduction in pH; or (iii) dissolution in a water-miscible solvent such as DMSO, followed by the addition of water. This latter method relies on the solubility of the 2NapFF in DMSO, and a lack of solubility in water. H ence, this LMWG is a perfect tool to probe how the process of gel formation affects the final mechanical properties. We have previously described gels formed by methods (i) 17 and
(ii), 18 but not focused on the variation in mechanical properties that are possible.
Scheme 1. Structure of the LMWG 2NapFF. For method (i), the carboxylic acid will be deprotonated, whereas the gels will contain the protonated form of 2NapFF in methods (ii) and (iii).
Results and discussion
For the gels formed using methods (i) and (ii), a solution of the 2NapFF was prepared at high pH by adding 1 molar equivalent of sodium hydroxide. The solution was prepared at 1.0 wt% and then diluted as required. Gels were formed by method (i) by adding aliquots of a concentrated solution of calcium nitrate to the solution of 2NapFF at high pH. 17, 19, 20 Gelation was rapid, but the gels were allowed to equilibrate for 18 hours before measurement. We have previously provided significant detail about method (i) for the gelation of 2NapFF. 17 Gels formed by the method will be referred to as Ca-triggered gels throughout. Gels were formed using method (ii) by adding aliquots of the solutions of 2NapFF at high pH to glucono--lactone (GdL), which hydrolyses slowly to gluconic acid over time. 21 This method allows a slow, uniform pH change. 22, 23 Gels formed by the method will be referred to as acid-triggered gels throughout. For the gels formed by first dissolving in an organic solvent, we chose DMSO. There is much precedent for use of this solvent with related LMWG. [24] [25] [26] We have previously shown for Fmoc-dipeptides that the ratio of DMSO to water (φDMSO) in the final gel can affect the gel properties. 26, 27 We highlight that there are differences in behavior for 2NapFF gels at different ratios of solvent (Fig. S1 , Supporting Information), but pragmatically for the current study, we focused on a φDMSO of 0.10 (note that to ensure no differences with slight changes in solvent, we used D2O throughout, instead of H2O.
However, there appears to be no discernable differences in behavior when H2O is used). This is the sample with the lowest amount of DMSO that was found to be stable long term; samples at a φDMSO of 0.05 initially formed self-supporting gels, but these became a fluid over approximately 30 hours. For the gels prepared using this method at this φDMSO, the 2NapFF was dissolved in DMSO at a number of concentrations and then water added. As for related LMWG, the solution becomes extremely turbid on first addition of water, clarifying over a matter of minutes. [26] [27] [28] [29] Gelation is hence fast; this results in bubbles forming at low concentrations of 2NapFF, which may also be an effect of the slight exotherm on mixing DMSO and water. 27 Microscope images showing a close up of the gels at 1, 5, and 10 mg/mL are shown in Figure S2 (Supporting Information), showing the absence of any crystalline material. The turbid to clear transition can be linked to a phase separation process. 26, 30 The pH of the gels at this point is typically 3.9 ± 0.1. Gels formed by the method will be referred to as solvent-triggered gels throughout. We note here that the absolute pH will be factor in determining the properties; in related work, we have shown how for this type of gelator the pH below which gels are formed for the acid-triggered methods is essentially the pH below which gels are formed for the solvent-triggered approach. 27 In all cases, the final gels are generally translucent, although there is a slight increase in turbidity with concentration. Gels were formed at concentrations of 2NapFF of between 1 mg/mL and 10 mg/mL (0.1 and 1.0 wt%), as determined by the vial inversion test. However, the acid-triggered gel resulted in a very weak material at 1 mg/mL, which was barely stable to vial inversion. For all the gels, we measured the rheological properties. In all cases, we carried out three repeat measurements as a minimum. We also collected frequency and strain sweeps to examine different behaviour (Fig.  2) . First, from the strain sweeps, it is clear that the gels formed by the three methods behave differently. For the Ca-and acid-triggered gels, there is a region at low strain where the gels are insensitive to the applied strain. However, for both these types of gels, the gels break sharply once a certain strain is applied, with G dropping below G. The acid-triggered gels break more sharply than the Ca-triggered gels. The solvent-triggered gels show a region where the storage and loss moduli (G and G respectively) are relatively independent of the applied strain. The gels begin to break down gradually, with both G and G decreasing. However, G never drops below G, even at very high strain. This can be explained by the gel containing a microstructure that is able to recover at a higher frequency than that used by the rheometer for these strain measurements. These differences in behaviour are immediately indicative of there being different types of network present in the gels.
The frequency sweeps show less variation between the gels formed by the three methods. In all cases, the data are relatively independent of frequency. The tan for the gels is 0.14 for the Ca-triggered gels, 0.11 for the acid-triggered gels, and 0.12 for the solvent-triggered gels, showing that these are true gels in each case. 31 For all of the gels, the absolute magnitude of G and G are similar, so the differences in behavior observed in the strain sweeps cannot be ascribed to simply different gel strengths. The strain and frequency sweeps for the gels formed by the different methods at different concentrations are shown in the Supporting Information (Fig. S3 -S15 ). Previous work on peptide amphiphiles has found similar strain sweeps, but for different triggers; 15 the gels formed by addition of acid have similar strain behaviour to that shown here, but the gels formed by addition of a calcium salt look similar to the networks formed here using the solvent trigger. As such, it is clear that there will be differences between gelators and their behaviour. Frequency sweeps are shown for a concentration of 2NapFF of 5 mg/mL for (d) Method (i); (d) Ca-triggered gels; (e) acid-triggered gels; (f) Solvent-triggered gels. Bottom: plots of G against concentration for gels formed by (g) Catriggered gels; (h) acid-triggered gels; (i) Solvent-triggered gels The lines represent the best fit to the data; in the case of (g), this was only determined from 1 mg/mL to 4 mg/mL. In all cases, the closed symbols represent G and the open symbols represent G.
In order to determine changes in the networks formed, the power law scaling of G' with 2NapFF concentration was assessed. A scaling behaviour such that G ∝ C  has been reported for a number of different gels. For entangled semi-flexible networks,  has been shown to be 1.4. 32 For crosslinked networks (including examples of peptide-based hydrogels),  has been shown to be around 2.2. [33] [34] [35] [36] [37] [38] There are however some examples of peptide hydrogels where  can be as high as 3.7. 39, 40 For colloidal gels,  is between 3 to 6. 41, 42 Here, slightly different scaling behaviour was found for the three methods (Fig. 2g-i) . The scaling exponent for the Ca-triggered gels was found to be 2.17 for concentrations of between 1 and 4 mg/mL. Above this concentration, the exponent was very different, with essentially little change in the magnitude of G as the concentration increased. We previously found an exponent of 2.2 for gels formed by this method that held from 1 mg/mL to 10 mg/mL. 17 We explain these differences in terms of the starting pH. Here, we started from a solution at pH 12.6, whilst previously we used solutions at a pH of 10.5. The absolute pH seems to affect the tendency of the worm-like micelles formed at high pH 20 to laterally associate. Indeed, it is possible to form liquid crystalline phases with 2NapFF at high pH. 17 We have found elsewhere 43 that the modulus of the gels formed at a concentration of 11 mg/mL was lower than that at 5 mg/mL in agreement with the data here; again, it that case we were also at a pH of above 12. For these gels, it is clear therefore that the absolute pH is another variable to control the mechanical properties. For method (ii), the exponent was 1.98. Finally, for the gels formed using method (iii), the exponent was 2.43.
Finally, we also examined the recovery of the mechanical properties after a shear deformation. This was probed by applying a high shear rate to disrupt the gels. G and G were then monitored upon cessation of this steady flow shear (Fig. 3) . 26, 27, 33 The Ca-triggered gels recover 32% of their original value of G after the first high shear deformation, and an average of 50% over five cycles. Little loss in recoverability is seen over the further cycles, and indeed in some cases the value of G is higher than after the first deformation cycle (Fig. 3a) . The acid-triggered gels recover 100% of their original value of G after the first high shear deformation, and an average of 58% over five cycles. It is however clear that after three deformations the gels start to break down significantly (Fig. 3b) . Surprisingly considering how other gels formed by this method have been shown to recover well, 26, 33 the gels formed by method (iii) only recover 10% of their original G after the first deformation, with this value being maintained over the five cycles. In all cases, the recovery depended on the strain used for this measurement (Fig.  S16) . At deformations of 300% strain, the acid-triggered gels recover 100% of their original G over five successive cycles. Recovery tests for (a) Ca-triggered gels; (b) acid-triggered gels; (c) Solvent-triggered gels. In all cases, the gels were subjected to a constant frequency of 10 rad/s and strain of 0.5% for 200 seconds, followed by a higher strain of 500% for 60 seconds. Restoration of the gel was monitored in the subsequent time sweep (again at a frequency of 10 rad/s and strain of 0.5%). These cycles were repeated five times. The data at 300% and 1000% strain are shown in the Supporting Information.
To explain these differences, we probed the gels at a number of lengthscales. First, we used small angle neutron scattering (SANS), which can probe structures formed over length scales up to hundreds of nanometres. 44 Hence, it is possible to determine the primary structure dimensions and obtain some information regarding the network structure. SANS data were obtained for gels formed by each method at 5 mg/mL and 10 mg/mL, and then fitted (Fig. 4) . The data for the Ca-triggered gels can be best fit to a combination of an absolute power law and flexible cylinder model as described previously (Fig.  4b) ; 17 the low Q region is sensitive to the fractal scattering from the network structure. In close agreement with our previous report, at 5 mg/mL, the radius fits to a radius of 4.01  0.03 nm. 45 The Kuhn length was found to be 29.93  2.36 nm, and a length of around 119.7  2.34 nm. At 10 mg/mL, the radius was unchanged at 4.01  0.05 nm, but the Kuhn length and overall length increased dramatically to 267.9  20.5 nm and > 1 m respectively. This implies that the primary structures are similar, but the formation of salt bridges between the fibres 17 results in a significantly increased Kuhn length. This explains the rheological data above, where the absolute modulus at 10 mg/mL was lower than that at 5 mg/mL.
The data for acid-triggered gels can be best fit to a combination of an elliptical cylinder in combination with an absolute power law to fit the low Q region (Fig. 4c) . Fits to the cylinder or flexible cylinder models were less good than the elliptical model. To fit the data, the Kuhn length was fixed to a number of values and the fit was optimised based on the residuals. The best fit at 5 mg/mL was found with a radius of 3.13  0.05 nm, an axis ratio of 2.15  0.01, a Kuhn length of 17.20  0.13 nm, and a length of 172.0  2.16 nm. At 10 mg/mL, the best fit was found with a radius of 3.51  0.05 nm, an axis ratio of 2.64  0.01, a Kuhn length of 17.29  0.21 nm, and a length of 69.17  0.47 nm. Hence, on increasing the concentration, it appears that the length increases, and there is a slight increase in the axis ratio, but the other characteristics are similar.
The data for the solvent-triggered gels fitted best to a Guinier-Porod model (Fig. 4d ). Fits were attempted to a range of other models, including the cylinder, flexible cylinder, elliptical flexible cylinder, and hollow cylinder, all alone or in combination with a power law to fit the low Q data. However, none of these fits were found to be suitable. At 5 mg/mL, the data fitted well to a model with a radius of gyration of 5.25  0.06 nm, a Porod exponent of 4.33  0.05, and a dimension variable of 1.36  0.01. The dimension variable for a rod is 1, implying therefore that the scattering is from a relatively smooth surface formed by rods. At 10 mg/mL, the data were very similar, with a radius of gyration of 5.14  0.05 nm, a Porod exponent of 4.33  0.04, and a dimension variable of 1.39  0.01.
The differences in scattering data and best fit to these data correlate with microscopy. Scanning electron microscopy on dried gels implies that there are differences between the samples. The Ca-triggered gels, Fig. 5a , show a mat of fibres. The acid-triggered gels show a similar morphology, Fig.  5b . However, the solvent-triggered gels show a more crystalline morphology, and the structures are larger than those formed by the other methods, Fig. 5c . TEM data for all samples shows a network of fibres as expected ( Fig. 5d-f) . The fibres in the Ca-triggered gels appear thinner, although it is difficult to deconvolute the effect of drying and the stain needed to image the structures. Drying artefacts are always a concern for such samples, especially where the gels contain two solvents with different volatility, as is the case for the gels formed by method (iii). As such, we also used confocal microscopy. We stained the structures with Nile Blue, 46, 47 as we have described elsewhere. 48 Using this technique, the gels can be imaged wet, with no need for drying. Distinct differences in microstructure can now be seen. The Ca-triggered gels show a significant number of fibres (Fig. 5g) , with an apparent tendency to align, which would agree with the data described above. The acid-triggered gels again show many thin fibres (Fig.  5h) , but there now appears a more entangled network (it is not expected that the elliptical nature would be observable by this imaging method). Finally, the solvent-triggered gels show the presence of spherulitic domains (Fig. 5i) . This correlates well with our previous data on gels forms by this method, 26, 27 where we showed that this morphology is the result of a phase separation event. The differences in microstructure also explain the differences in SANS scattering. Hence, as we have suggested previously, 11, 26 differences in gel properties are heavily affected by the gel microstructure as opposed to only differences in the fibres themselves. . SEM and confocal microscopy of gels formed from 2NapFF at 10 mg/mL. Top: SEM of (a) Ca-triggered gels; (b) acid-triggered gels; (c) solventtriggered gels. In all cases, the scale bar represents 1m. Bottom: confocal microscopy of gels formed by (d) Ca-triggered gels; (e) acid-triggered gels; (f) solvent-triggered gels. In all cases, the scale bar represents 5m.
Conclusions
Overall, it is clear that the rheological properties of the gels can be controlled by chaning the method used to form the gels. The method of gelation affects the types of gel formed, and the range of concentration over which gelation can occur. There are of course many other possible parameters including the temperature of gelation, as well as the absolute pH. Many low molecular weight hydrogelators have been described; generally a single method of gelation or set of gelation conditions are described. We show here that significant variation is possible. Considering the difficulty in predicting which molecules will be gelators, if a particular set of mechanical properties is required, it is possibly easier to vary the gelation process for a known effective gelator than it would be to attempt to search for a gelator that gives gels with these properties from first principles.
Experimental Section
Experimental details on synthetic procedures for the preparation of the gels, and the various characterisation techniques can be found as Supporting Information.
